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Rabies,  a  disease  known  from antiquity,  has  received much  attention  by 
numerous investigators yet little  is known regarding  the survival mechanism 
for the virus in nature.  The generally held concept that  rabies is invariably 
fatal once symptoms become established in  an animal may require  revision. 
There is accumulating evidence that certain animals (lemmings, voles, ground 
squirrels), including man, may be subject to subclinical rabies (1, 2). Further- 
more, the existence of symptomless carriers among animals shown to be trans- 
mitters of the disease would provide an important link in the biological chain 
of  events.  It has  been  clearly  established  that  the  vampire bat  (Desmodus 
rotundus murinus, Wagner) and perhaps other species of bats serve as symptom- 
less reservoirs for the virus in nature (3-5). 
The existence  of symptomless carriers of the rabies virus was first demonstrated 
with the discovery that vampire (hemophagous)  bats in some sections of Mexico and 
South America may be infected with rabies. The history of rabies in the vampire bat 
and in other species of bats in South and Central America and in Mexico has been 
reviewed by Enright  (6).  Current interest in the public health significance  of bats 
in rabies results from the  demonstration of the rabies virus in many species of in- 
sectivorous bats collected in numerous sections  of the United States. Since the initial 
demonstration in 1953 of the rabies virus in a lactating Florida yellow bat (Dasypterus 
floridanus) in Florida by Venters and his associates  (7) and the almost simultaneous 
isolation of the virus from the colonial cave-dwelling Mexican free-tailed bat (Tadarida 
mexicana) in Texas by Sullivan  and her colleagues  (8) and by Burns and Farinacci 
(9),  at least  11 species of colonial  and 5 species of non-colonial  bats collected  in  18 
states have been found to be infected with the rabies virus (10, 11). Similar observa. 
tions have also been made in Canada, Yugoslavia, and Hungary (10, 12). 
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These surveys of bat populations  for the presence of rabies virus were prompted 
by numerous  human exposures to bats shown to be infected (7, 13-15). In all such 
cases reported the individuals bitten by rabid bats received Pasteur treatment and no 
deaths occurred. However, at least three human rabies deaths are believed to have 
resulted from exposure  to bats in this country. The first,  reported by Sulkin  and 
Greve (16), concerns a woman who died of rabies in October,  1951, 25 days after an 
encounter with a bat. The second, a member  of a  team of the entomology section 
of the Texas State Department of Health conducting  bat rabies investigations,  oc- 
curred in January, 1956 (15). The circumstances  of these two cases were such that 
the bats involved could not be examined for rabies infection. The third fatal case was 
a woman who died of rabies 66 days after an encounter with a  bat proved to have 
been rabid  (17). Rabies  developed in this patient despite  prompt use of combined 
seroprophylaxis and duck embryo rabies vaccine. The demonstration of rabies virus 
in several  species of bats together with the increasing number of proved exposures 
to rabid insectivorous  Chiroptera,  would suggest that these  animals  may provide a 
missing link in the natural history of the disease. 
The  demonstration  of  lipotropism  in  cortisone-treated hamsters  infected 
with poliovirus by Shwartzman  (18,  19)  and the reported invasion of brown 
fat of suckling mice infected with certain strains of Coxsackie virus by Pappen- 
heimer et al. (20), Dalldorf (21), and Godman eta/. (22) suggested an approach 
to the study of the role of Chiroptera in the biological life cycle of the rabies 
virus. Reproducible histologic lesions and high infective virus titers in brown 
adipose tissue in cortisone-treated hamsters infected with poliovirus have been 
observed, indicating marked lipotropism in this infection (23).  These obser- 
vations have been confirmed in part by Bodian (24) who showed high concen- 
trations of poliovirus in brown fat in chimpanzees after the viremic phase of 
the infection. This investigator suggested that the brown fat might be regarded 
as a  "target organ" or secondary site of poliovirus multiplication. It has also 
been suggested that the susceptibility of this tissue to certain virus infections 
is so marked as to persist when most other organs and tissues have become 
refractory (20). Preliminary studies in this laboratory (25)  have already indi- 
cated that the brown adipose tissue of the Mexican free-tailed bat (Tadarida 
mexicana) may provide a depot for storage of the rabies virus. 
The purpose of the present study has been to examine the progress of rabies 
infection in experimentally infected insectivorous bats with the view to learning 
something of the possible mechanism by which  these animals  may serve  as 
persisting reservoirs for the virus in nature. Two species of bats, the Mexican 
free-tailed bat (Tadarida me~'icana) which is a  quasi hibernator and the little 
brown myotis (Myotis lu~ifugus),  a true hibernator, were used for the purpose 
of locating anatomical sites of rabies virus multiplication.  In  planning these 
studies we adopted as a working hypothesis the proposition that those tissues 
which provide food reserve during the inactive state (or hibernation) may also 
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latency. Since there  is considerable  evidence that  the interscapular  brown fat 
is an actively metabolizing  tissue serving as a  source  of food materialduring 
winter sleep, special emphasis  is placed on the possible role of this tissue in the 
pathogenesis  of rabies in these  animals. 
Materials and Methods 
Virus.--Rabies  virus,  designated  Thompson  strain,  isolated  in  albino  Swiss  mice from 
a human brain and in its second intracerebral passage in white mice was used in this study. 
The  LD~0 fiter  of  the  stock  virus  suspension  for  3-week-old  white Swiss mice inoculated 
intracerebrally was 10  -4.s. Diluent for virus inocuhim consisted of 10 per cent  rabbit serum 
in physiobgicai salt solution containing 250  units of penicillin and  250 ug. of streptomycin 
per mL 
M/ce.--Three to 4-week-old white Swiss mice (CFW)  obtained from two animal breeders 
were used  throughout  these studies. 
Harnaers.--Six-week-old and  suckling  hamsters  obtained  from  the  Lakeview Hamster 
Colony,  Newfield,  New  Jersey,  were  used  in  these  studies.  The  animals were inoculated 
intramuscularly  into  the  hind  limb;  the  inoculum  in  the  6-week-old  hamsters  consisting 
of 2,000  mouse i,c.  LD60 in 0.1  ml. and  800  mouse i.c. LD60 in the suckling animals. 
Bats.--Two  species of insectivorous bats were used in these experiments. Mexican free- 
tailed  bats  (Tadarida mexicana) were  obtained  from  the  Blowout  Cave,  Bianco County, 
Texas3  No  infected  bats  were  found  in  this  cave in  surveys conducted within the limits 
of the Edwards  Plateau,  an extensive tabldand  composed chiefly of cretaceous limestone. 
The  little brown  myotis  (Myotis lucifugus) was  obtained  in  northern  West Virginia and 
southwestern Pennsylvania.  2 
The  Mexican  free-tailed bats  had  been  netted  on  the  day  experiments were initiated. 
The little brown bats were usually inoculated 2 days after  they were collected. The han- 
dling of bats  during  inoculation and transfer from field to laboratory cages was facilitated 
by a  short period of inactivation at 4°C. Animals were inoculated by various routes: intra- 
muscularly  (i.m.)  into the heavy muscle over the chest, into  the surgically exposed inter- 
scapular  brown  fat  (b.f.)  and  into  the  intrascapular  area.  In  each instance the dose was 
approximately 8,000  mouse intracerebral LD60 in 0.1  cal. 
The inoculated animals were placed in specially designed cages and maintained at 29°C. 
4-  2  (relative humidity 65 per cent). The bats were fed a mixture of 1 pound of large curd 
cottage cheese, 1 large banana,  1 ounce of codliver oil, and approximately 150 mealworms 
homogenized  in  a  Waxing  blendor.  Food  and  water  were  provided  dally. A detailed de- 
scription  of  the  methods  used  for  the safe  laboratory  care and successful  maintenance of 
experimentally infected bats has been described elsewhere (26).  All animals were observed 
several times daily during the observation period, and those which died during the 1st week 
after  inoculation  were  discarded  and  not  included  in  the  analyses.  Studies dealing with 
the laborato~" maintenance of these animals have indicated  that  those which survive 7 or 
8  days  in  captivity  can  usually  be  kept  for  several  months (26). Throughout the course 
of the experiment the animals were observed for signs and  symptoms  of rabies  infection. 
To limit the potential hazard involved in working with these animals all personnel engaged 
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in this study were immunized  with modified live virus rabies vaccine of chick embryo ori- 
gin (Lederle). 
Preparation and Assay of Tissues.--The selective  affinity of various tissues  of the bat 
for rabies virus was shown by viral assay in 3- to 4-week-old white Swiss mice. Tissues were 
removed,  following etherization and  exsanguination,  from  apparently healthy animals as 
well as from  animals with symptoms suggestive  of rabies.  In a few instances tissues were 
collected from animals which had been  dead a  very short time. Brain, salivary gland, and 
interseapular brown  adipose tissue  were collected as aseptically as possible using separate 
instruments for each specimen to avoid cross-contamination.  In the experiments with ham- 
sters a  muscle  biopsy at the site of the inoculation and kidney were also tested for virus. 
Since Negri bodies are not always demonstrable in tissues  of bats proven to contain virus 
by mouse inoculation (27, 28)  histologic  examination of the various tissues was not made 
as routine.  Tissues  were ground in a  mortar with sterile alundum and rabbit serum-saline 
diluent to make 5 to 10 per cent suspensions of brain, brown  fat, and salivary gland. For 
qualitative assay 3 to 5 mice were inoculated intracerebrally  with each specimen and observed 
for a 2I day period before being discarded as negative. In doubtful instances mouse brains 
were examined histologically  and subinoculated into additional animals.  In the quantitative 
assays serial 10-fold dilutions of the tissue suspensions were inoculated intracerebrally into 
groups of 5 mice each and the LD~0 titer was established in each instance by the method of 
Reed and Mueneh (29). 
RESULTS 
Experiments with the Mexican Free-Tailed Bat (Tadarida mexicana) 
Mexican free-tailed bats were used because of the tremendous populations of this 
species of Chiroptera in the southwestern part of the United States, and because a 
large proportion of the rabies virus isolations have been from this species (11).  An 
important consideration in planning these studies was the selection of the strain of 
rabies virus to be used. Since rabies viruses isolated in nature seem to have different 
tissue tropisms, as evidenced by their varying ability to invade and multiply in the 
salivary gland  (1),  it seemed desirable to select a  highly virulent strain known  to 
produce a widely disseminated infection. In the initial phases of these studies, a strain 
of rabies virus recovered from  the brain of a  Mexican free-tailed bat, kindly pro- 
vided by Dr.  J.  V.  Irons, was used.  However,  this virus strain exhibited variable 
incubation periods and following only a  few serial passages in both bats and  mice 
became virtually avirulent for these hosts. A strain of canine street virus, isolated in 
this laboratory from the brain of a fatal human case and shown to be uniformly fatal 
for  weanling hamsters  following intramuscular  injection with  subsequent isolation 
of virus from brain, salivary gland, brown fat, and kidney, was used in these studies. 
In preliminary experiments (25)  qualitative assays for virus in bats inoculated intra- 
muscularly with rabies virus showed evidence of infection in 24 per cent of the animals 
during the observation period of 3 months. Virus was detectable in the brain, salivary 
glands,  and  interscapular brown  fat.  On  the  basis of  quantitative  assays in  mice 
these preliminaxy data also showed that virus is most  readily detectable in this host 
between the 20th and 30th day following intramuscular inoculation. 
This initial experiment provided evidence that the brown adipose tissue may 
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lated us to extend these studies to include larger numbers of animals  for more 
precise  observations.  The  results  of  these experiments  are  summarized  in 
Table I. 
TABLE  I 
Demonstration of Rabies Virus in Interscapular Brown Adipose  Tissue and Other 
Tissues of Bats (Tadarida raexicana) Inoculated Intramuscularly 
No. infected 
~x~.  NO.  * 
inoculated 
1  32/137 
2  41/215 
3  31/140 
~u Per ten 
infecte, 
22.1 
19.1 
19,  30 
28,  60 
22-38 (5) 
21--3o (s) 
28 
Time a~ter inoculatiou:~ 
23.8 
Sacrificed  Sacrificed  Dead <  with 
4 hrs.  symptoms  healthy 
days  days  da:ys 
22,  42  22 
22  26  22,  25 
32,  32,  75,  75 
22,  25,  51  '22,  26  50,  51 
22-35  (10)  26  66  30,  35 
I 
2S  ,  22 
26 
24,  59  !  13 
20 
24,  36~, 40  26-41 (5)  21 
18--34 (6)  118--35  (5)  15-41  (11) 
25,  S2,  59  '  I 
I 
r 
]  26 
130, 31,  59  41 
!24,30,3S  15-30 (6), 76,  S3 
Rabies virus demonstrated in§ 
Brown fat  salivary  gland 
+  + 
+ 
+  [3~.4]  -- [31.2] 
-  + 
+  + 
+  + 
-k 
+  [t7.1]  -  [34.1] 
--  + 
--  + 
+  + 
-I- 
-k  [16.1]  -- [38.7]  I 
--  + 
--  + 
Brain 
+ 
-f. 
-  [sL51 
-I- 
-F 
+ 
+  [so.s] 
-/- 
+ 
+ 
+  [ga.s! 
+ 
+ 
* Virtm inoculum approximately 8,000 mouse intracerebral LD,o. Animals which died during 1st week after 
virus inoculation are not included in the analysis. 
Figure in parentheses refers to number of bats. 
Figure in brackets indicates per cent positive among animals shown to be infected, 
n Bat salivary gland virus also recovered trum the salivary gland. 
The number  of Mexican free-tailed bats  used  in  each  of  three  separate experiments is 
indicated;  those which died during  the  Ist  week after virus inoctdafion are not  included 
in  these summaries.  Each  bat  received  an  intramuscular  injection into  the heavy muscle 
over  the chest of approximately  8,000  mouse i.c.  LDeo  contained in 0.1  ml.  The animals 
were observed frequently for signs and  symptoms of rabies.  Close inspection of each ani- 
mal was difficult because of the obvious risk to the investigator and the danger of releasing 
infected  animals.  Symptoms,  when  observed,  consisted  of irritability  and  aggressiveness, 
and  occasionally  paralysis.  Some  animals  were  sacrificed  in  apparent  good  health. Only 
tissues from animals which had been dead  less than about 4 hours were assayed for rabies 
virus because virus is destroyed in  tissue undergoing autolysis. 
It can be seen that the infection rate in each of the three experiments is essentially 
the same (23.8,  19.1, and 22.1 per cent, respectively). The frequency with which virus 
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virus was demonstrated in this tissue in 34.4 per cent of animals shown to be in- 
fected, while  in experiments 2 and 3 virus was demonstrated in brown fat in  17.1 
per cent and 16.1 per cent, respectively, of infected animals.  However, the frequency 
with which  virus was demonstrated in the salivary gland  (31.2, 34.1, and 38.7 per 
cent, respectively), and in the brain (87.5, 80.5, and 93.5 per cent, respectively) did 
not vary significantly  in each of the experiments.  The noticeable difference  in the 
number of virus isolations  from the brown fat in Experiment 1 as compared with 
Experiments 2 and 3 may be related to the season of the year when the bats were 
netted. Experiment 1 was carried out in the autumn when these migratory animals 
are preparing for their annual southward migration, and at a time when the  inter- 
scapular brown fat lobes are large. These animals undergo considerable  loss of weight 
between the time they leave the caves in the late fall and return in the spring (30). 
The other two experiments were initiated in the early spring after the animals have 
returned to the caves and when the amount of brown fat tissue available for virus 
assay is at a  minimum. The bat salivary gland virus was encountered in only one 
instance (31, 32). A dual infection  was demonstrated in a bat which was found dead 
36 days after inoculation with rabies virus. Both viruses were  recovered from the 
salivary gland of this animal. 
In  the  experiments  just  described  rabies  virus  was  demonstrated  in  the 
brown fat in 23 of 104 animals shown to be infected following intramuscular 
inoculation. To establish whether or not virus actually multiplies in the brown 
fat,  various  tissues  from  these  animals  were  titrated  for  virus  content. 
The results of these observations, summarized in Table II, indicate that virus 
is widely distributed in this host between the 20th  and 40th  day,  and occa- 
sionally as long as the 60th day, following intramuscular inoculation. Also there 
seems to be more active viral proliferation during this period of the infection. 
Among the animals sacrificed without visible signs or symptoms of rabies, virus 
titers in the brain ranged from 10  -~'6 to 10  "4'6, while in the brown fat of these 
animals only an occasional  animal had levels  in this  tissue  above I0  -1.6.  Virus 
was present in the salivary  gland of only two of these  animals; in  each instance 
the titer  was 10  -3.°.  Generally the levels  of rabies  virus were higher in those 
animals found dead or those sacrificed  when symptoms were observed. Virus 
titers  in the brain of some of these animals reached levels  of I0  -~'~.  Virus con- 
centrations in the salivary  gland and brown fat were somewhat lower. In two 
instances the titer  in the brown fat was I0  -z.°.  These data indicate  that  viral 
multiplication actually  occurred in the brown adipose tissue,  as well as in the 
salivary  gland and brain of some of these animals, but the virus concentration 
even in the brain never did reach the level  of  the stock virus  suspension (I0  -4.8) 
used in initiating  the experiments. Significant  virus  levels  were demonstrated 
in the brown fat and salivary  gland of an animal which developed symptoms 
of rabies 26 days after  intramuscular inoculation  of virus.  Failure to demon- 
strate virus in the brain of this animal may have been due to autosterilization 
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TABLE II 
Le~s of Rabies Virus in Interscapular Brown Adipose  Tissue, Brain, and Salivary 
Gland of Mexican Free-Tailed Bats (Tadarida mexicana) Inoculated 
Intramuscularly 
Condition  of bats 
Dead <  4 hours 
Sacrificed with symptoms 
Sacrificed healthy 
Time after 
inoculation* 
days 
19 
22 
22 
24 
28 
28 
30 
42 
59 
60 
22 
26 
26 
13 
20 
22 
22 
25 
26 
32 
32 
41§ 
75 
75 
-Log LD6o in mice (i.c.) 
Brown fat 
2.0 
1.66 
<I.0 
1.5 
2.5 
1.5 
3.0 
2.0 
2.0 
2.0 
3.0 
<1.0 
2.5 
1.5 
1.5 
1.5 
1.5 
1.5 
1.5 
2.5 
+ 
2.5 
1.5 
1.5 
Salivary gland 
2.5 
2.33 
<1.0 
2.5 
2.7 
2.75 
3.3 
w 
3.0 
3.0 
Brain 
3.7 
2.43 
2.75 
3.2 
3.7 
3.5 
3.0 
2.75 
3.5 
<1.0 
-5 
D 
3.5 
2.5 
3.5 
3.0 
3.4 
-, virus not demonstrated. 
+, virus present in this tissue; LD~0 titer not determined. 
* Virus inoculum approximately  8,000 mouse intracerebral  LD60. Animals which died 
during the 1st week after virus inoculation are not included in the analysis. 
Failure to demonstrate virus may have been due to autosterilization. 
§ Animal inoculated suprascapularly. 
only. This occurred in one animal found dead on the 24th day after inoculation, 
in another found dead on the 59th day, and in others sacrificed without evident 
signs of rabies as long as 2~  months after virus inoculation. Whether or not 
animals developed  symptoms of  rabies  and  recovered  could not  be  clearly 
established in these experiments because of the difl~cuhy involved in handling 
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mentally infected animals for long periods of time and that the brown adipose 
tissue may serve as a depot for storage of such virus. A small percentage of the 
bats used in these experiments may have been  naturally infected with rabies 
virus. It is unlikely that this significantly influenced the results of these experi- 
ments.  The  relative  insusceptibility  of  the  Mexican  free-tailed  bat  to  the 
massive virus dose used may have been due to the presence of neutralizing 
antibodies in some of these animals (34). 
Since the virus inoculum was the same in each of the three experiments with 
the Mexican free-tailed bat, the combined experiences were analyzed to deter- 
mine the frequency with which virus was detectable in brown fat as compared 
with the other tissues tested. It is significant that in this relatively resistant 
host, following experimental inoculation, the rabies virus was demonstrated in 
the brown fat in 23 or 22.1 per cent of the 104 experimentally infected animals 
as compared with 37 (35.6 per cent) in salivary gland and 91 (87.5 per cent) in 
the brain. It should be emphasized that rabies virus was demonstrated in the 
brown adipose tissue almost as frequently as in the salivary gland. 
Experiments with the Little Brown Myotis (Myotis lucifugus) 
It seemed likely that the little brown myotis might serve as a better host for 
studying the role of brown adipose tissue in the pathogenesis of rabies because 
of certain characteristics which differentiate this species from Tadarida mexi- 
cana.  The  interscapular  brown  adipose  tissue  of  Myotis  lucifugus,  a  deep 
hibernator, is a well defined organ-like structure and is more abundant in this 
species  than  in  Tadarida  mexicana.  Furthermore,  the  demonstration  that 
certain species of Vespertilionidae have less rabies neutralizing antibodies than 
do certain species of Molossidae (34) suggests that the little brown myotis may 
be more susceptible to experimental infection than the Mexican free-tailed bat. 
The results of experiments with this bat species are presented in Table IIL 
In one experiment each of 116 bats received an intramuscular injection of approxi- 
mately 8,000 mouse  i.c.  LD~0 contained in 0.1  ml.  Those which  survived the  1st 
week of the observation period (97 animals) are considered in the tabulation. Again 
all animals were observed frequently for signs and symptoms of rabies.  Qualitative 
assays for virus showed evidence of rabies  infection during the observation period 
of 2 months in 35 or 36.1 per cent of the inoculated bats. Among the animals shown 
to be infected,  virus was detectable in the interseapular  brown adipose tissue in 9 
(25.7 per cent), salivary gland in 4 (11.4 per cent), and in the brain in 32 (91.4 per 
cent). Similar results  were obtained in a smaller  group of little brown bats which 
received  the same  virus inoculum  (8,000 mouse  i.c.  LD~o) into the surgically  ex- 
posed  interscapular brown fat lobes.  Rabies infection occurred in  24 or 43.6 per 
cent of the 46 bats which  survived the  1st week of the observation period of 2~ 
months; virus was demonstrated in the brown fat in 9 (37.6 per cent), salivary gland 
in 6 (25.0 per cent), and in the brain in 23 (95.9 per cent). S.  E.  SULKIN~ P.  H.  KRUTZSCH, R.  ALLEN, AND  C.  WALLIS  377 
It is clear that the little brown myotis is more susceptible than the Mexican 
free-tailed bat to  the virus strain used; the infection rates were significantly 
higher and the incubation periods noticeably shorter. 
Table IV summarizes the results of virus titratious on tissues from 18 bats in the 
two previous experiments in which the brown fat contained detectable or significant 
amounts  of rabies virus. The  virus is widely distributed in this  host between the 
TABLE III 
Demonstration of Rabies Virus in ln~crscapular Brown Adipose Tissue and Other 
Tissues of Experimentally Infected Bats (Myotis lucifugus) 
Route 
of  No. infected 
inocu-  No. inoculated* 
lation 
i.m.  35/97 
b.f.  24/46 
P~rfC~e  ~ 
43.6 
Time after inoculations 
Dead 
<4 hm. 
days 
16 
13,  20 
36.11  9,  14,  19 
13 
9-29  (18) 
14,  17 
12,  15, 
2O 
18,  18, 
22 
16-22 (8) 
Sacrificed 
with 
symptoms 
days 
19 
28 
16 
13,  13, 
17,  17 
14 
26 
36 
Sacri-  I 
riced 
healthy 
days  l 
2o  I 
14, 21 
22 
22 (4) 
Rabies virus demonstrated in§ 
Brown fat 
+ 
+ 
+  [25.7 
+ 
+ 
+  [37.6 
Salivary 
gland 
+ 
-  [tl. 
+ 
+ 
~  [25., 
Brain 
+ 
+  [91.4] 
+ 
÷ 
+ 
+ 
-  [9S.91 
÷ 
+ 
* Virus  inoculum approximately 8,000 mouse  intracerebral LD60. Animals which  died 
during the Ist week after virus inoculation are not included in the analysis. 
:~ Figure in parentheses refers to number of bats. 
§ Figure in brackets indicates per cent positive among animals shown to be infected. 
9th and 26th day following i.m. or b.f. inoculation and most active viral multiplication 
seems to occur during this period. The  higher virus titers observed in  the  tissues 
assayed reflects the increased susceptibility of the little brown bat as compared with 
the Mexican free-tailed bats used in the previous experiments. Virus concentration 
in the brain and in one instance in brown fat approached the level of the stock mouse 
brain virus suspension used in inoculating these bats.  Virus titers in  the brain of 
animals inoculated i.m. or b.f. were generally greater than  10  --a-°, while titers in the 
salivary gland ranged from 10  -l's to 10  -3"6, and in the interscapular brown fat from 
10  -l's to 10-4'L Negri bodies were demonstrated in the brain of one bat which was 
paralyzed when sacrificed 26 days after b.f. inoculation. The virus titer in the brain 
was 10-  4.s and  10-  4"s in the brown fat. No virus was detected in the salivary gland 378  RABIES  PATI-IOGENESIS  IN  BATS.  I 
TABLE IV 
Levels of Rabies  Virus  in Interscapular  Brown  Adipose  Tissue,  Brain,  and  Salivary  Gland 
of Experimentally  Inoculated Bat~ (Myotis  lucifugus) 
i 
Route of  l 
inoculation  : 
i.m. 
b.f. 
Condition of bats 
Dead  <  4 hours 
Sacrificed  with symptoms 
Dead  <  4 hours 
'  Sacrificed  with symptoms 
Sacrificed healthy 
Time after 
inoculation* 
--Log LDlo in mice (i.c.) 
! 
Brown fat ]  Salivary  gland 
l 
Brain 
days 
9  1.5  --  3.5 
13  2.0  --  -- 
14  1.5  --  3.0 
16  2.5  3.5  3.7 
19  1.5  1.5  1.5 
20  2.0  --  -- 
16  2.5  --  3.5 
19  3.5  1.5  3.7 
28  1.5  --  -~ 
12  3.5  --  3.7 
14  3.5  3.5  3.7 
15  +  --  3.7 
17  1.5  2.5  4.0 
20  1.5  --  2.0 
14  2.5  1.5  3.0 
26§  4.3  --  4.8 
36  1.5  -  -~ 
22  2.5  --  3.5 
-,  virus not demonstrated. 
q-,  virus present in  this  tissue;  LD60  titer not determined. 
* V'm~s inoculum  approximatdy  8,000  mouse  intracerebral  LD~0. Animals which  died 
during the 1st week after virus inoculation are not included in the analysis. 
§ Observed with symptoms for 2 days; paralyzed when sacrificed, Negri bodies demon- 
strated. 
$ Failure to demonstrate  virus may have been due to autosterilization. 
of this animal.  Occasionally virus was demonstrated  in the brown fat only; in each 
instance the titer was  10  "2"° or less. Low titer virus was demonstrated  in the brown 
fat only of two bats showing overt signs of disease when sacrificed; one 28 days follow- 
ing i.m. inoculation and the other 36 days following b.f. inoculation. Failure to demon- 
strate virus in the brain of each of these animals may have been due to autosteriliza- 
tion. At no time was virus found in the brown fat and salivary gland but not in the 
brain in the experiments with  the little brown myotis. 
It is especially  significant  that  virus was recoverable more frequently from 
the brown  adipose tissue of the experimentally infected little brown bats than S.  E.  SULKIN~  P.  H.  KRUTZSCH,  R.  ALLENj  AND  C.  WALLIS  379 
from the salivary glands of these animals; virus was demonstrated in the brown 
fat of 18 or 30.5 per cent of the 59 experimentally infected animals as compared 
with 10 or 17.0 per cent in which virus was demonstrated in the salivary gland. 
Virus was demonstrated in the brain tissue of over 90 per cent of these animals. 
These  data  further  emphasize  the  role  of  the  brown  adipose  tissue  in  the 
pathogenesis of rabies and would indicate that this tissue may be as frequent 
a  site of viral proliferation as the salivary gland. 
Because of the difficulties  inherent in working with winged animals which 
cannot be colonized in the laboratory it seemed desirable to use a  laboratory 
animal which might provide a  more effective means for assessing the role of 
brown adipose tissue  in the pathogenesis of rabies.  The Syrian hamster was 
selected because of the ease with which this animal can be handled and main- 
tained  in  the  laboratory.  The young hamster  provides  a  host  in  which  the 
intramuscular route of inoculation of rabies virus produces the disease almost 
as  regularly as  the  intracerebral  route  (35).  These  animals  are  significantly 
more susceptible to experimental infection with rabies virus than the two species 
of bats  used  in  the  previous experiments.  In addition,  the  Syrian hamster 
which may hibernate when exposed to the cold possesses  dearly defined brown 
fat tissue in the interscapular fossa. The results of two experiments designed 
to demonstrate  rabies  virus in interscapular  brown adipose tissue  and other 
tissues of experimentally infected hamsters are presented in Table V. 
In one experiment each of 42 6-week-old hamsters received an i.m. injection of approx- 
imately 2,000 mouse i.c. LDs0 contained in 0.1  ml.  In a second experiment each of nine 
suckling hamsters received approximately 800 mouse i.c. LD~0 by the same route. Most 
of these animals showed signs of rabies infection during the 2nd week after virus inocula- 
tion;  evidence of infection was demonstrated in  83  per  cent  of the 6-week-old hamsters 
and  in all  of the  suckling hamsters. In addition to brown fat, salivary gland, and brain, 
kidney and a biopsy of muscle at the site of inoculation were tested for rabies virus. 
Among the 6-week-old hamsters  shown to be infected virus was detectable  in the 
interscapnlar  brown adipose tissue in 22 (62.9 per cent), salivary gland in 8 (22.9 per 
cent),  in the biopsied muscle in 4 or 12.5 per cent of the 32 specimens tested, and in 
none of the kidneys. The brain  tissue from all but three of these animals contained 
virus. One of these animals was sacrificed on the 9th day after virus inoculation with- 
out symptoms of rabies and virus was detected only in the brown fat tissue. The other 
two animals were found dead on the 9th and i4th day, respectively, and again virus 
was demonstrated  only in the brown fat tissue. Failure  to demonstrate  virus in the 
brain or other tissues of these animals may have been due to autolysis or autosteriliza- 
tion.  All the suckling hamsters  showed signs and symptoms of rabies  between  the 
5th and 12th day after virus inoculation. Rabies virus was demonstrated  in at least 
one of the tissues of each of these animals. The brown fat tissue from an animal which 
developed symptoms of rabies  on the 5th day following virus  inoculation  was not 
tested  because of insufficient quantity. Of the remaining 8 animals 5 (62.5 per cent) 
contained virus in the brown adipose tissue. Only one of the five animals had detectable 380  RABIES  PATHOGENESIS  IN  BATS.  I 
virus in the salivary gland. This tissue was not tested in the remaining four animals. 
Virus was demonstrated in the brain tissue of all of the animals and in the kidneys of 
3  (33.3  per cent). 
Virus  concentrations  in  the  interscapular brown  adipose  tissue  and  other 
tissues of experimentally infected hamsters are summarized in Table  VI. 
TABLE  V 
Demonstraton of Rabies  Virus in Interscapular  Brown  Adipose  Tissue and  Other Tissues 
of tke  Syrian  Hamster  Inoculated  Intramuscularly 
No. injected 
No. inoculated 
35/42~ 
9/9~ 
Per cent 
infected 
83.3 
Time after inoculation 
9,  10 
9,  14 
9,  14 
Dead  Sacrificed  "~ 
<4  with  ~.~ 
hrs.  symptoms 
da~s  days  days 
10 
8,  9,  10 
8 
9-22  (9) 
16 
9 
9,  11,  13, 
13 
10  5--17 (5)  5,  8 
100.0 
12 
8,  15 
8,  14 
$,  7,  8 
5 
Brown fa 
+ 
+ 
+ 
+ 
+  [62.91 
+ 
Rabies virus demonstrated in" 
fat  Salivary  Brain 
gland 
+  + 
+  + 
+  + 
-  + 
-  I22.91  +  [91.4| 
-  + 
+  + 
-  + 
-  + 
Kidney 
~u  u 
NT  - 
+  - 
NT 
+  +  +  + 
+  -  +  + 
+  [62.5]  -  +  [100.0|  -  [33.3J 
-  NT  -I-  -- 
NT  NT  + 
BIT tissue not tested. 
* Figure in brackets indicates per cent positive among animals shown to be infected. 
Six week old hamsters; virus inoculum approximately 2#00 mouse i.c. LDs0. 
§ Suckling hamsters; virus inoculum approximately 800 mouse i.c. LD60. 
Included in the tabulation are those animals in which the brown fat was shown to 
contain rabies virus and three additional animals in which virus was not demonstrable 
in the brown fat but in which significant virus titers were demonstrated in brain and 
in muscle at the site of inoculation. Virus titers comparable to those observed in white 
Swiss  mice  succumbing following intracerebral inoculation were  observed in  these 
animals following an intramuscular inoculation; titers ranged from  10  -a'6 to  10 "l.°. 
Virus was demonstrated in the brain tissue of all of the animals which were sacrificed 
when symptoms were observed. In many instances the virus titer in the brown fat 
approached that observed in the brain indicating that viral proliferation had occurred 
in this tissue. However, there was little evidence of viral multiplication in the brown 
fat tissue of the suckling hamsters. This may have been due to the fact that this 
tissue is not fully developed in the immature hamster. In general, the virus concentra- S.  E.  SULKIN', P.  H.  KRUTZSCH, R.  ALLEN, AND  C.  WALLIS  381 
TABLE VI 
Levds of Rabies Virus in Interscapular Brou,  n Adipose Tissue and Other Tissues 
of the Syrian  Hamster Inocula~e,d Intramuscularly 
Condition of hamsters 
Dead  <  4 hours 
Sacrificed with symptoms 
Sacrificed healthy 
Time after 
inoculation* 
days 
9 
9 
9 
10 
14 
14 
16 
8 
8 
8~ 
9 
9 
9 
9 
10 
10 
10 
10 
10 
11 
11 
13 
12~ 
16 
22 
s~ 
4.3 
1.5 
2.7 
4.0 
3.0 
2.5 
2.0 
<L0 
1.5 
3.0 
3.0 
<i1.0 
3.2 
-Log LDs0 in mice (i.c.) 
Kidney 
NT 
l 
k 
N 
h 
2.3 
1.5 
2.0 
NT, tissue not tested. 
* Six week  old hamsters;  virus inoculum  approximately  2,000 mouse i.c.  LDso. 
Suckling hamsters;  virus inoculum  approximately  800 mouse i.c.  LDso. 
tion in the salivary gland was significantly lower than that observed in other tissues, 
although a titer of I0  "-4 was observed in one animal which died I0 days after inocula- 
tion. Of the three animals which showed virus in the brown fat tissue only one which 
was sacrificed on the 9th day after inoculation without overt signs of rabies had a virus 
titer in this tissue of 10  "s'z. The titer in the brown fat of the animal found dead on 382  RABIES  PATHOGENESIS  IN  BATS.  I 
the 9th day was 10  -s.s and a titer of 10  4.8 was observed in the brown fat of an animal 
which died 14 days after inoculation.  Virus multiplication  actually occurred in the 
muscle at the site of inoculation in some of these animals as evidenced by the fact that 
virus titers in this tissue ranged from 10  ~'s to as high as 10  --4"°. In three instances 
virus was demonstrated in the muscle and brain tissue only and in another virus in 
high concentration was demonstrated in all the tissues tested except kidney. In the 
three suckling hamsters in which virus was demonstrated in the kidneys the titers 
were  10  --~'3 or less. A more detailed  sequential  study dealing with these and other 
tissues as sites of viral proliferation is in progress and will be reported subsequently. 
DISCUSSION 
A viral agent capable of invading host tissue, proliferating without invariably 
causing overt signs of illness and subsequently transferring to other susceptible 
hosts, is ideally equipped for continued survival. Epidemiological studies have 
shown that poliovirus is perpetuated in nature by individuals who have sub- 
clinical infections of sufficient intensity to shed infective virus. Severe mani- 
festations of the disease in man are the exception rather than the rule. With 
other viral agents host-parasite relationships are not always so well balanced 
and biological life cycles may require multiple hosts.  The arbor viruses, for 
example, may establish infection chains involving one or more vertebrate hosts 
and various insect vectors. While much study has been done on the epidemi- 
ology of the arbor viruses little is known about the true mechanism by which 
these agents survive between epidemics. Rabies presents still another epidemio- 
logical picture. There is little evidence that the principal hosts (domestic dogs 
and wild carnivores) may serve as symptomless carriers of the virus and hence 
provide a  means  for maintaining  the  agent  in  nature.  The epidemiology of 
rabies  has  been  the  subject  of much  investigation  yet  precise  mechanisms 
involved in the maintenance of the virus in widely scattered geographic areas 
are not dearly understood. The first recognition of rabies in cattle in South 
America resulting from exposure to infected vampire bats  pointed to a  pre- 
viously unknown host in which the virus might be perpetuated via the carrier 
state. The observations of Pawan (4, 5) and others demonstrate clearly that 
various species of bats may develop overt signs and symptoms of rabic infection 
and  recover,  remaining  carriers  for  indeterminant  periods  of  time.  In  this 
connection, naturally infected vampire bats capable of transmitting the disease 
have  been  held  in  captivity  for  several  months  and  remained  apparently 
healthy. Since these early observations, the disease in these animals seems to 
have moved northward causing outbreaks in animals and man in many areas 
of South and Central America and Mexico (6). 
Demonstration  of  rabies  virus  in  several  species  of  apparently  healthy 
colonial and non-colonial insectivorous species of bats collected in the United 
States in recent years suggests that these ~nimals may also be reservoirs for 
storage of the virus in nature. The regimented flight habits of certain migrating S.  E.  SULKII~  P.  H.  KRUTZSCH,  R.  ALLEN,  AND  C.  WALLIS  383 
insectivorous bats bring them in contact with vampires in Mexico where the 
various species  may live together in caves, providing opportunity for inter- 
species  spread  of  virus.  In  addition,  certain  physiological  characteristics 
common to bats suggest an approach to the study of the mechanism by which 
these animals may store virus for long periods of time without showing overt 
signs of infection.  In  certain species of bats, and  other hibernating animals, 
interscapular brown adipose tissue is a well developed, organized structure and 
for this reason is often, perhaps erroneously, called the "hibernating  gland." 
It is now well established that this structure which is histogenetically distinct 
from ordinary white adipose tissue and physiologically more active (36) is not 
a  mere storage form of connective tissue but shows high metabolic activity, 
storing glycogen in concentrations comparable with that in the liver (37, 38). 
Brown adipose tissue is  a  rich  source of certain  lipides  which are of prime 
importance in the maintenance of the hibernating animal and are not simply 
static reserves but fluctuate with the seasonal  variations in the physiology of 
hibernating animals.  The total lipide content of brown adipose tissue obtained 
from  Myotis  lucifugus  reaches  a  peak  during  the  month  prior  to  entering 
hibernation, gradually decreases during the period of inactivation and increases 
again in preparation for the awakening. This variation in level of total lipides 
may be an indication  of the general  metabolic state  of these  bats  (39).  In 
addition to lipides,  brown adipose cells of various animal  species  have been 
shown to contain ascorbic acid, alpha amino acids, mucoproteins, water-soluble 
polysaccharides, glycogen,  amine oxidase,  cytochrome oxidase,  alkaline phos- 
phatase, succinic  dehydrogenase, and esterase (23, 36, 39, 40). Brown adipose 
tissue has been found to be highly vascularized,  capable of supporting con- 
siderable metabolic activity and  to  have  an  abundant  nerve  supply which 
seems to influence  the storage and utilization of glycogen and lipides  (36, 39, 
41, 42). Interscapular brown fat of fetal and postnatal rats has been grown in 
organ culture and although tissue survived for only a few days, all stages in the 
differentiation  of brown adipose tissue were observed in vitro  (43).  Further 
evidence that brown fat is an actively metabolizing tissue has been obtained in 
our laboratory by the serial propagation of trypsinized hamster and bat brown 
adipose tissue. Original  cultures have been maintained for as long as 30 days 
and the cells have been carried successfully through five serial passages in vitro. 
Preliminary  studies  indicate  that  cell  cultures  of hamster  brown fat  tissue 
support the growth of rabies virus without significant  cytopathogenic changes. 
Infection of these cultures with herpes virus (strain HF-egg adapted) results in 
dramatic  cellular  degeneration which can be neutralized  by specific immune 
serum (44). These observations suggest that brown adipose tissue would provide 
an ideal substrate for maintenance or replication of the rabies virus. The rate 
of proliferation of the virus might conceivably fluctuate with the variation in 
metabolic  activity  of  this  tissue,  decreased  to  the  point  of  latency during 384  RABIES PATIIOGENESIS IN BATS. I 
periods  of  low  metabolism  (hibernation)  and  becoming  more  active  when 
metabolism increases in preparation for awakening. 
Studies presented in this report clearly indicate that brown adipose  tissue 
may serve as a depot for storage  and an extraneural  site of multiplication of 
rabies  virus. Rabies virus was isolated  from the brown  fat tissue  of experi- 
mentally infected animals with frequencies ranging from 22  per cent in the 
relatively insusceptible  Mexican  free-tailed  bat to almost 62 per cent in the 
highly susceptible  Syrian hamster. Quantitative assays of infected brown fat 
tissues revealed  titers equal  to the mouse i.c. LD60 titer of the rabies  virus 
inoculum indicating active multiplication of the virus. A comparison of results 
of the qualitative and quantitative viral assays of the brown fat and salivary 
gland of infected animals reveals that brown adipose tissue provides a site for 
virus multiplication as frequently as salivary gland.  Whether or not rabies 
virus can be demonstrated in the brown  adipose  tissue  of naturally infected 
animals remains to be  determined.  Studies  along this line  are  in progress. 
Investigation into the morphological relationship  of the interscapular brown 
fat and parotid glands  in the species of bats used in  these  experiments  was 
prompted by the observation  of Wimsatt (45) that a large lobe of the parotid 
gland in the tropical  fruit bat, Artibeus jamaice~is,  extends  into  the inter- 
scapular space to be intimately associated with the brown fat. Studies reported 
elsewhere (46) indicate that the homogeneity of each of these tissues  together 
with the encapsulation  of the interscapular brown adipose  tissue  by a  loose 
fascial covering in the bat species, Tadarida raexicana and Myotis lucifugvd, 
precludes the possibility of "contamination" of one with the other. 
It seems to be clearly established  that the salivary gland becomes infected 
with rabies virus by centrifugal spread and overflow from the central nervous 
system. The exact means by which the central nervous system becomes infected 
is not known although a neural pathway seems likely. The studies here reported 
would suggest that virus may reach the brown fat by direct extension from the 
site  of inoculation.  Unfortunately the data contained in this report  do not 
allow analysis of the exact  sequence by which the virus spreads  in the very 
early period following inoculation. Whether or not virus reaches this tissue by 
a hemal route remains to be determined.  A limited number of experiments in 
the Syrian hamster suggest that this may be the case. In animals in which the 
interscapular brown fat lobes were denervated virus could be demonstrated in 
this tissue following intramuscular inoculation at a remote site. Further details 
will be published subsequently. 
Precise mechanisms by which brown fat may actually serve as a depot for 
storage of rabies virus is obviously not yet clearly understood.  Just how virus 
is released from this tissue to participate in the natural history of the disease 
remains to be determined.  It is conceivable that at least in hibernating species 
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the virus being  activated by those physiological alterations (stresses)  which 
prepare the animal for the awakened period. To establish  whether or not this 
may be the case, studies concerned with the influence of environmental temper- 
ature and the gravid state On the pathogenesis  of rabies in insectivorous  bats 
have been initiated and the results will be reported subsequently. 
Similar  mechanisms  may be  involved in  the  maintenance of other viral 
agents  during interepidemic  periods.  The  observation  that Western  equine 
encephalomyelitis  virus may infect garter snakes  (47) would suggest  that in 
this cold blooded  animal there may be a  tissue  similar  to the "hibernating 
gland" of warm blooded animals which may serve as a storage  site for virus 
during the winter months. A mosquito-bat-mosquito  cycle has been recently 
suggested for Japanese encephalitis  and Venezuelan equine encephalomyelitis 
viruses on the basis of studies on experimentally infected bats during simulated 
hibernation (48, 49). Preliminary experiments  in this laboratory have already 
indicated that the brown  adipose  tissue  in the bat may be  involved in the 
pathogenesis  of certain arbor viruses  and the mechanism for storage  may be 
similar to that suggested for the rabies virus (50). 
SU~tMA.RY 
Studies on the pathogenesis of rabies in two species of experimentally infected 
insectivorous  Chiroptera, the Mexican free-tailed  bat (Tadarida raexicana), a 
quasi hibernator, and the little brown bat (Myotis lucifugus), a deep hibernator, 
provided evidence that brown adipose tissue may serve as an extraneural site 
for storage and multiplication of rabies virus. Although the Mexican free-tailed 
bat proved to be relatively insusceptible to experimental rabies infection, virus 
was demonstrated in the brown fat of 22 per cent of those animals shown to be 
infected by viral assay in white Swiss mice. Rabies infection in this species was 
most evident 20 to 40 days after intramuscular inoculation  of virus.  Rabies 
virus was found to be widely distributed in the little brown myotis 9 to 26 
days following inoculation and virus  concentrations in  some of the tissues 
approached the level of the stock mouse brain virus suspension used in inocu- 
lating these bats. The shorter incubation period and higher virus titers in the 
tissues assayed reflect the increased susceptibility of Myotis lucifugus as com- 
pared with the Mexican free-tailed bat. Virus was demonstrated in the brown 
fat of 30 per cent of the experimentally infected Myotis. 
In the experimentally infected Myotis lucifugus and in the Syrian hamster 
which is highly susceptible  to rabies infection,  rabies virus was isolated more 
frequently from  the  brown  fat  than  from  the  salivary  gland  indicating 
that in a  susceptible  host brown  adipose  tissue  may be as frequent a  site of 
viral proliferation as salivary gland. 
Since rabies virus was found to persist for long periods of time in the brown 
fat of experimentally infected bats and was occasionally demonstrated in this 386  RABIES PATHOGENESIS IN BATS. I 
tissue alone, it is suggested that brown adipose tissue provides a  mechanism 
by which these animals may serve as reservoirs for this agent in nature. The 
possibility that similar mechanisms may be involved in the maintenance of 
other viral agents during interepidemic periods is discussed. 
The authors wish to acknowledge the excellent technical assistance of H. Warrington 
Williams and Chansoo  Kim, M.D. 
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